We describe a high-throughput protocol for RNA in situ hybridization (ISH) to Drosophila embryos in a 96-well format. cDNA or genomic DNA templates are amplified by PCR and then digoxigenin-labeled ribonucleotides are incorporated into antisense RNA probes by in vitro transcription. The quality of each probe is evaluated before ISH using a RNA probe quantification (dot blot) assay. RNA probes are hybridized to fixed, mixed-staged Drosophila embryos in 96-well plates. The resulting stained embryos can be examined and photographed immediately or stored at 4 1C for later analysis. Starting with fixed, staged embryos, the protocol takes 6 d from probe template production through hybridization. Preparation of fixed embryos requires a minimum of 2 weeks to collect embryos representing all stages. The method has been used to determine the expression patterns of over 6,000 genes throughout embryogenesis.
INTRODUCTION
In situ hybridization (ISH) is a general method for localizing DNA 1,2 and RNA 3 in chromosomes, cells, tissues and whole animals. It has been used in Drosophila since the early 1980s to determine accurate spatial and temporal gene expression patterns in tissue sections of embryos, larvae and adults [4] [5] [6] [7] . A major technical advance in the late 1980s by Tautz and Pfeifle 8 was the development of ISH for whole-mounted embryos using nonradioactive probes. This advance allowed three-dimensional image analysis using differential interference contrast (Nomarski) or confocal fluorescence microscopy and eliminated tedious reconstructions from tissue sections. It also eliminated long exposure times required when using radioactively labeled probes. The original protocol was based on DNA probes, but subsequent studies showed that RNA, PCR and oligonucleotide-derived probes can improve the sensitivity in detecting rare mRNAs (reviewed in ref. 9) . Another advantage of this method has been the relative ease of adapting it to high-throughput methods [10] [11] [12] [13] .
Overview of the procedure Here, we describe a protocol for RNA probe production from cDNAs and genomic DNA followed by RNA hybridization for embryos in a 96-well format; a flow diagram outlining all the major steps in the protocol is shown in Figure 1 . We use this procedure routinely as part of an ongoing project to document embryonic expression patterns for all Drosophila genes as described 12, 13 . Images from this project are posted on a public website (http:// www.fruitfly.org/cgi-bin/ex/insitu.pl) and are periodically updated as new data are generated. For templates, we use a large collection of cDNAs, the Drosophila gene collection (DGC) [14] [15] [16] representing more than 70% of the genes in the Drosophila genome, as well as genomic DNA for the genes not represented in the DGC. The protocol can be used to determine expression patterns in fixed, mixed-staged embryos (as described in the PROCEDURE) or can be adapted for fixed, mass isolated imaginal discs (collected as described 17 and processed as described in Box 1).
DNA templates are generated from cDNA clones by PCR using vector-specific primers, or from genomic DNA using gene-specific primers (described in Box 2), and the PCR product is purified by isopropanol precipitation. The purified PCR product is transcribed using digoxigenin (DIG)-labeled UTP and an RNA polymerase (Sp6, T7 or T3) depending on which vector was used to clone the cDNA target (see Table 1 ); for genomic DNA targets, Sp6 RNA polymerase promoter is added to the 3¢ gene-specific PCR primer. The resulting RNA probe is treated with DNase I to remove any remaining DNA template; then the sample is ethanol-precipitated and the pellet is resuspended in a formamide solution. To assay the labeled RNA probes, diluted probes are spotted on and cross-linked to a nylon membrane. The membranes are treated with antidigoxigenin Fab fragments coupled to alkaline phosphatase (AP) and the color substrates, 4-nitrobluetetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indoyl-phosphate (BCIP). The quality of the probe is determined by comparing the intensity of individual probe spots with that of control spots.
Embryos stored in methanol are gently placed in the wells of a 96-well filter plate using a multichannel pipette and wideorifice disposable tips, and then are re-hydrated, washed and 3. Rinse 3Â with 10 ml PBT: let discs settle after each addition of PBT, and then decant supernatant. 4. After third rinse, suspend discs in 4 ml PBT and transfer to a 25-ml reagent reservoir. 5. Distribute 20-ml discs into each well of a 96-well filter plate as described for embryos in the main procedure Step 63. m CRITICAL STEP Use filter plates with 0.45-mm pore size for discs (see EQUIPMENT SETUP). Plates used for embryo hybridization have a larger pore size and will not retain imaginal discs. 6. Rinse with PBT 3Â in the hybridization plate following the procedure described in Step 67 of the main protocol. 7. Follow embryo protocol from Step 78 onward, except in Step 91 use methanol instead of ethanol for the rinses.
BOX 2 | GENOMIC PCR
1. Dilute GSPs to 1 mM working concentration. m CRITICAL STEP Design GSPs with RNA polymerase sequence on the 5¢ end of the reverse GSP to facilitate RNA probe preparation. Add Sp6 tail (5¢-ATTTAGGTGACACTATAGAAGTG-3¢) to the 3¢ GSP because, in our experience, the Sp6 RNA polymerase is the most effective (see Experimental design).
2. For one 96-well PCR plate, prepare a total of 2.0-ml reaction mix, as tabulated below: 3. Dispense 20 ml of the mix to each well using a multichannel pipette.
4. Add 2.5 ml of both 5¢ and 3¢ diluted GSPs (from Step 1) into appropriate well using a multichannel pipette and mix thoroughly. Centrifuge at 3,200g for 1 min. pre-hybridized. A vacuum is applied to remove methanol, subsequent re-hydration washes and hybridization solution. Imaginal discs are stored in fixation solution instead of methanol and do not need to be re-hydrated; the imaginal disc hybridization protocol starts at the washing step before pre-hybridization and requires filter plates with a smaller pore (0.45 mm) than those used for the embryo hybridizations. After pre-hybridization, DIG-labeled RNA probes are added, and the samples are incubated overnight at 55 1C.
Three genes (engrailed 18 , hunchback 19 and brinker 20 ) with welldescribed expression patterns in both embryos and imaginal discs are included in each plate and used to monitor hybridization efficiency. The embryos and imaginal discs are stained using the same reagents used in the dot blot assay of probe quality. First, they are reacted with anti-digoxigenin-AP Fab fragments. After washing in PBT and AP buffer, NBT/BCIP color substrates are used to detect the hybridization patterns. Embryos are washed with ethanol to enhance contrast and stored in 70% (vol/vol) glycerol in phosphate-buffered saline (PBS). Imaginal discs are washed in methanol instead of ethanol. After immunohistochemical staining, each plate is examined under low magnification (Zeiss Stemi 2000-C microscope) to determine the quality of embryo or imaginal disc morphology and staining, as well as the proportion of wells with samples that show an expression pattern.
Applications of high-throughput RNA ISH High-throughput ISH is a useful tool to determine temporal and spatial patterns of expression where large numbers of samples are required, such as for genomic-scale studies. We have used this procedure both for determination of gene expression patterns in wild-type Drosophila 12,13 and for studies of gene expression regulation by cis-regulatory modules (CRMs) using transgenic Drosophila embryos carrying CRM-driven reporter gene constructs to screen for functional CRMs 21 . With minor modifications, we have adapted the embryo protocol for use with mass-isolated imaginal discs (see Box 1), and the procedure could be similarly adapted for other tissues. The imaginal disc protocol was used in a pilot project to examine expression patterns for several hundred genes 22 .
Advantages and limitations of high-throughput RNA ISH Information about the spatial localization of gene expression in developmental context provided by ISH is complementary to other more quantitative methods of cataloging gene expression, such as microarrays or massively parallel sequencing technologies. AP-based probe visualization, as used in the protocol presented here, can detect dynamic expression patterns at the tissue level for B18 h of Drosophila embryonic development, after which the newly formed cuticle begins to interfere with penetration of the probe. Fluorescent in situ hybridization produces high-contrast data 23 and, with advanced imaging techniques, can be used to extract quantitative gene expression data 24 ; however, the technical complexity of these subcellular detection methods limits the range of development that can be analyzed in one experiment.
The chief advantage of the procedure described here over other ISH protocols is that we have optimized it for robust performance with multiple samples using standard laboratory equipment. To minimize variability and simplify the procedure, we have eliminated a number of steps from the original hybridization protocol 8 . In the embryo fixation step, proteinase K traditionally is used to permeabilize the embryos, improving signal and reducing background. We removed the proteinase K step and reduced the amount of probe from nanograms to picograms to compensate for background problems. This also allowed us to eliminate the following background reducing agents from the hybridization solution: Denhardts, tRNA, ssDNA and heparin. Using this streamlined protocol, we can process up to four 96-well plates simultaneously with reliable results. The main disadvantage of a high-throughput procedure is the corollary of its advantage: optimal conditions for multiple samples are not always the best conditions for every sample, so a few samples (B10%) on each plate may require additional experiments to obtain optimal results.
Experimental design Embryo collections.
High-quality embryos are required for successful ISH. Embryo morphology should be monitored during collections and fixation steps should be adjusted as described in TROUBLESHOOTING if necessary. To ensure that all developmental stages are represented in the embryo mix for the hybridization, embryos are collected in 3-h intervals and aged until the desired developmental stage before fixing. Collections are kept separate by the fixation process, and then a master mix with equal proportions from each age range is assembled for the hybridizations as described in Box 3. For high-throughput ISH, embryo collection becomes labor-intensive. Properly prepared fixed embryos stored in methanol at À20 1C are stable for at least 1 year. Therefore, it is most efficient to collect sufficient embryos for all experiments that are anticipated within a 1-year period and to scale embryo collections accordingly. Following the collection schedule shown in Probe templates and primer design. For genes available as cloned cDNA in one of the standard vectors (e.g., pOT2a, pOTB7, pBS SKÀ or pFlc-1), primers from the vector are used to generate PCR products (see Table 1 ). The cDNAs are directionally cloned, and the vectors include sequences for a different RNA polymerase promoter on opposite ends so that choice of RNA polymerase determines which strand is transcribed. For genes not represented as cDNA clones, successful probe templates can be generated from genomic DNA by designing primers to the largest exon of target genes as described in Box 2. These primers should include an RNA polymerase promoter sequence at the 5¢ end of the reverse primer to allow transcription of the RNA probe. Other RNA polymerase promoter sequences could be used, but we have had best results with the SP6 tail (5¢-ATTTAGGTGA CACTATAGAAGTG-3¢). The gene-specific primers should be designed with Tm of 60 1C, GC content 50 ± 20% and contain 18-25 bp of the gene-specific sequence in addition to the SP6 polymerase sequence.
RNA probe controls. After the preparation of the initial set of RNA probes, sufficient RNA probe reference controls for all anticipated hybridization experiments should be prepared according to the procedure described in Box 4. These controls are used during probe quantification as reference controls for evaluation and tracking of probe quality. Once embryos from all time periods are transferred, fill the 50-ml Falcon tube with methanol and gently invert 15 times to mix. m CRITICAL STEP Embryos may stick to the bottom of the Falcon tube. Care must be taken to mix all the embryos. m CRITICAL STEP A maximum of 6 ml of master embryo mix should be aliquoted per 50-ml Falcon tube. Seal the tube with parafilm and lay it on its side to prevent crushing the embryos. . Vector-specific primers (Invitrogen, store at À20 1C; see Table 1 ) . Gene-specific primers (user supplied) for genomic DNA templates (see Box 2) . DNA polymerase (DyNAzyme EXT, Finnzymes, cat. no. F-505L, store at
MATERIALS
. DNA polymerase (PfuUltra High-Fidelity Polymerase, Stratagene, cat. no.
600384, store at À20 1C)
. CRITICALThe paste has to be easily spreadable, so that the collection medium will not separate from the tray, but not so thin that the flies stick to the paste. EQUIPMENT SETUP Fly cages Plexiglass cylinders of 30-cm diameter, 43-cm long with an attached stand and 5-mm grooves cut around each end (custom made), covered on one end with a flat silk cloth and accessible on the other end through a 70-cm long silk cloth sleeve secured with an elastic cord set into the end groove.
PROCEDURE
Mass embryo collection TIMING variable, minimum 2 weeks 1| Prepare embryo collection trays and yeast paste as described in REAGENT SETUP.
2| Spread a thin layer of yeast paste on the fresh collection tray and place into a fly cage. m CRITICAL STEP For maximum egg deposition, approximately equal numbers of young male and female adult flies (B8,000-12,000, depending on fecundity of the stock used) should be introduced into the cage at least 2 d before first collection, with daily collection tray changes. m CRITICAL STEP For maximum egg deposition, allow the collection trays and yeast paste to reach room temperature before placing in the fly cage.
3| Place a yeasted pre-lay collection tray into the cage 1 h before beginning first collection to encourage females to deposit retained eggs and synchronize subsequent egg collections. Discard this pre-lay collection tray. 4| Insert a fresh collection tray to begin embryo collections. An example collection schedule is shown in Table 2. 5| After 3 h, replace the collection tray with a fresh one taking care not to release any flies from the cage. Label the trays to indicate collection time period.
6| Store the collection tray with deposited embryos at 25 1C until the embryos have developed to desired age interval before fixing. m CRITICAL STEP Keep embryos of different age intervals separate during fixation. m CRITICAL STEP Prepare 50-50 mix of heptane and formaldehyde (4% (vol/vol))/PBS fixative just before starting the embryo fixation.
7| Collect embryos from the collection tray by rinsing the tray with de-ionized H 2 O and capture the embryos in the CELLECTOR Tissue Sieve. The sieving removes yeast paste.
Mass embryo fixation TIMING 1.5 h per time period
8| Fill the reservoir with 100% bleach and immerse the tissue sieve containing embryos into the bleach, agitating gently for 3 min to remove the chorion membrane. m CRITICAL STEP If the embryos are left in the bleach for too long, they will be irreparably damaged.
9|
Wash well with distilled H 2 O to completely remove any bleach residue.
10|
Remove embryos from the sieve using a spatula and place in a 50-ml falcon tube filled with the 50À50 mix of heptane and 4% formaldehyde/PBS.
11| Fix the embryos in the 50À50 mix of heptane and 4% formaldehyde/PBS fixative by shaking on a gyrotory shaker for 25 min.
12| Remove lower aqueous phase and replace with equal volume of methanol. m CRITICAL STEP To prevent embryos sticking to the outside of the pipette, move the pipette through the liquid and the inter-phase very slowly while blowing out air bubbles.
13| Shake (manually) for 1 min then allow embryos to settle. Do not vortex. m CRITICAL STEP Vortexing the embryos at this point will significantly damage the embryo morphology.
14| Remove upper phase containing the vitelline membranes and embryos remaining at inter-phase. (Good quality embryosunbroken and devoid of chorion and vitelline membranes-will sink to the bottom. Embryos remaining at inter-phase are damaged and should not be used in hybridization.) m CRITICAL STEP When removing the upper (heptane) phase, start at the inter-phase and work up from there to prevent marginal embryos sinking into methanol.
15| Remove the remaining methanol.
16| Wash 3Â in methanol.
17| Top off a 50-ml Falcon tube to 50 ml with methanol. ' PAUSE POINT Embryos can now be stored at À20 1C for up to 1 year. m CRITICAL STEP Do not put more than 6 ml of embryos in a 50-ml falcon tube. Lay the falcon tube on its side to prevent crushing the embryos.
Cell inoculation of cultures containing cloned DNA templates for RNA probes TIMING 18 h (overnight)
18| Add appropriate antibiotic (see Table 1 ) to a final concentration of 50 mg ml À1 in 110 ml of LB Broth base and mix thoroughly.
19| Add 1.0 ml of antibiotic/LB Broth base mix into each well of a 96-well Ritter Riplate using a multichannel pipette.
20| Thaw frozen bacterial stocks containing cloned genes of interest and add 10 ml of thawed cells per well using a multichannel pipette.
21| Seal tightly with the AeraSeal sealing tape. 25| Dispense 17 ml of the mix to each well using a multichannel pipette.
22|
26| Add 3 ml of 1:50 cell dilution (from Step 23) into each well using a multichannel pipette, mix thoroughly and centrifuge at 3,200g at room temperature for 1 min.
27| Amplify PCRs according to the appropriate cycling conditions for the vector (see Tables 3, 4 or 5). Note that the extension time depends on the size of the clones: 1 min per kb as recommended by the polymerase manufacturer.
28| Quantitate and size the PCR products by electrophoresis of 5 ml of each product through 1% (wt/vol) agarose in 1Â TAE. ' PAUSE POINT PCR product can be stored at À20 1C indefinitely. ? TROUBLESHOOTING PCR product purification TIMING 1 h 29| Add 80 ml of 75% (vol/vol) isopropanol to 20 ml of PCR product, seal well and vortex.
30| Incubate for 15 min at room temperature (B25 1C).
31| Centrifuge for 30 min at 3,200g at room temperature.
32| Remove foil and dispose of supernatant appropriately.
33| Turn the plates upside down and centrifuge for 1 min at 700g at room temperature on a paper towel. 35| Seal well, vortex at maximum speed for 25 s and centrifuge at 3,200g at room temperature for 1 min. ' PAUSE POINT Purified PCR product can be stored at À20 1C indefinitely.
34|
RNA probe preparation TIMING 4 h 36| For one 96-well plate, prepare a total of 550 ml of 2Â RNA polymerase reaction mix as tabulated below. m CRITICAL STEP Remember to use the correct RNA polymerase based on the vector used (see Table 1 ). 37| Dispense 5 ml of 2Â polymerase mix into each well of a 96-well plate using a multichannel pipette.
38| Add 5 ml of PCR product using a multichannel pipette.
39| Incubate in a PCR machine at 37 1C for 2 h.
40| Prepare DNase I mix as listed below and add 10 ml of the mix into each well using a multichannel pipette. 43| Place the plate on ice and quickly add 20 ml of 7.5 M NH 4 OAc into each well using a multichannel pipette.
44| Add 160 ml of ethanol into each well, seal well, vortex for 15 s to mix and centrifuge at 3,200g at room temperature for 1 min.
45| Incubate at room temperature for 10 min.
46| Centrifuge at 4,000 r.p.m. (3,200g) in an Eppendorf Centrifuge 5819 for 30 min at room temperature.
47| Drain by inverting the plate 6Â; centrifuge in an Eppendorf Centrifuge 5819 at 800 r.p.m. (130g at room temperature) with plate upside down to drain remaining liquid.
48| Quickly resuspend in 50 ml of the resuspension buffer and reseal the plate. m CRITICAL STEP RNA probe must be resuspended quickly, otherwise it is hard to get RNA into solution. ! CAUTION Remaining resuspension buffer must be properly discarded into the Formamide waste container. 51| Using a 96-spot pin-tool, spot 1 ml of the diluted RNA probe onto a positively charged nylon membrane.
52| Using a multichannel pipette, spot 1 ml of the two reference control dilution series (see Box 4) onto the same nylon membrane above the 96 spots.
53| Crosslink RNA spots to the nylon membrane in a UV Stratalinker (use the auto-crosslink function). m CRITICAL STEP For Steps 54À59, use a HybAid hybridization oven and a tube and use 10 ml of appropriate solution per wash/incubation.
54| Incubate the membrane in the blocking solution at room temperature for 30 min.
55| Incubate in a solution of 1:2,000 dilution of anti-digoxigenin-AP Fab fragment in the blocking solution at room temperature for 30 min.
56| Wash 4Â with the blocking solution for 15 min each wash.
57| Wash 2Â with the AP buffer for 5 min each wash.
58| Develop color at room temperature in the dark with the developing solution (approximately 20À30 min).
59| Wash 3Â in the blocking solution for 3 min each wash to stop the color reaction.
60|
Compare the 96 RNA probes with the two reference dilution series (3, 10, 30, 100 and 300 pg) to determine the success rate. If the probe spot is at least as intense as the 1:330 reference control spot (3 pg), the RNA probe reaction will be successful and the RNA probe is ready to be used in hybridization. ' PAUSE POINT Quantified RNA probe can be stored at À80 1C indefinitely.
ISH TIMING 3 d
61| Prepare an embryo master mix, as described in Box 3, and transfer 1 ml of embryos from the master mix per 96-well plate into a 15-ml Falcon tube with 4 ml of methanol.
62| Carefully pour the embryos into a 25-ml reagent reservoir.
63| Add 20 ml of embryos into each well of a 96-well filter plate using a multichannel pipette. m CRITICAL STEP Use wide bore pipette tips to avoid damaging the embryo morphology. m CRITICAL STEP Even though there is no way to add exactly the same amount of embryos into each well, great care needs to be taken to get as close as possible. If the difference in the numbers of embryos between individual wells is too large, the wells with fewer embryos will drain consistently faster than the wells with greater numbers of embryos. Consequently, the embryos in these wells get flattened and stick together. As a result, the morphology of these embryos will be compromised. m CRITICAL STEP For Steps 64 onward, use 200 ml per well unless otherwise specified and remove the liquid after each step using the vacuum manifold. Set the vacuum to the lowest setting to prevent the embryos from getting flattened, crushed or stuck to the membrane. After all the liquid is drained, quickly turn off the vacuum to prevent the embryos from getting flattened and crushed. m CRITICAL STEP For Steps 64À66, use a Matrix Impact2 pipettor to add solutions to the filter plate; for all other steps involving a filter plate, use Q-Fill to fill the filter plates, except where indicated otherwise.
64| Re-hydrate the embryos in 3:1 methanol:formaldehyde (2.5% (vol/vol)) in 1Â PBS for 2 min.
65| Re-hydrate in 1:3 methanol:formaldehyde (2.5% (vol/vol)) in 1Â PBS for 5 min.
66| Post-fix in formaldehyde (2.5% (vol/vol)) in 1Â PBS for 10 min.
67| Rinse 6Â in PBT.
68| Add the hybridization buffer without dextran sulfate into each well, using Matrix Impact2 pipettor. Incubate by shaking at 125 r.p.m. on the Gyrotory shaker for at least 1 h at room temperature to pre-hybridize the embryos.
70| During pre-hybridization, add 200 ml of the hybridization buffer with dextran sulfate into each well of a TC Microwell 96 U plate using a multichannel pipette.
71| Add 2 ml of the appropriate probe into each well of the TC Microwell 96 U plate using a multichannel pipette and a reseal plate.
72| Mix thoroughly on a vortex mixer at maximum speed for 25 s and centrifuge at 3,200g at room temperature for 1 min.
73|
Remove the hybridization buffer without dextran sulfate from the filter plate.
74| Transfer the probe mixture from the 96-well plate into the 96-well filter plate using a multichannel pipette.
75| Incubate at 55 1C by shaking at 125 r.p.m. on the Gyrotory shaker overnight.
76| Add 100 ml of wash buffer at room temperature.
77| Remove the hybridization buffer-wash buffer mix.
78| Rinse 2Â with wash buffer.
79| Incubate 8Â in the wash buffer at 55 1C by shaking for 45 min.
80| Incubate in the wash buffer at 55 1C by shaking overnight.
81| Rinse in PBT.
82| Incubate in PBT at room temperature by shaking for 30 min.
83| Using a Matrix Impact2 pipettor, add PBT, goat serum (5% (vol/vol)) and anti-digoxigenin-AP Fab fragments (1:2,000 dilution), and incubate at room temperature by shaking for 2 h.
84| Rinse 2Â with PBT.
85| Incubate 9Â in PBT at room temperature by shaking for 10 min each.
86| Rinse 2Â with the AP buffer.
87| Wash in the AP buffer at room temperature for 5 min.
88| Add the developing solution using a Matrix Impact2 pipettor. m CRITICAL STEP Prepare the developing solution just before use, by adding 35 ml of BCIP and 45 ml of NBT per 10 ml of AP buffer.
89| Incubate by shaking in the dark at room temperature until desired color development is achieved (B75 min).
90| Rinse 3Â in PBT to stop the color reaction.
91| Rinse 6Â in ethanol.
92| Rinse 2Â in PBT.
93| Add 70% (vol/vol) glycerol using a Matrix Impact2 pipettor.
94| Seal the top and the bottom of the filter plate with foil plate sealers. m CRITICAL STEP Sealing the bottom of the plate prevents glycerol from leaking out over time.
' PAUSE POINT Stained embryos can be stored at 4 1C for at least 1 year.
95| Check individual wells on the plate under a low-power magnification microscope. Embryos are ready to be photographed. ? TROUBLESHOOTING Troubleshooting advice can be found in Table 6 .
ANTICIPATED RESULTS
This protocol generated successful hybridizations for B85% of the first 6,000 genes tested during the first pass. Our protocol is optimized for high-throughput RNA ISH to Drosophila embryos. Consequently, a small percentage of genes will require re-work. The main failure modes of the protocol are overstaining and understaining of embryos during color development step (B10% periods. Understained embryos can be collected for re-array and re-hybridization in hybridization plates that are stained for longer periods. Infrequent PCR errors due to mis-priming (multiple bands during agarose gel analysis), secondary structure interference or poor cDNA template quality (no bands during agarose gel analysis) are further causes of unsuccessful RNA ISH. Where PCR errors occur, cDNA clones are re-arrayed and cDNA plasmid DNA is prepared and linearized before repeating the PCRs. If a single visible template band is produced at the PCR step (Fig. 2) , RNA probe production (Fig. 3) is usually successful; however, the RNA ISH outcome still may be negative. The possible causes are a false orientation of the cDNA insert resulting in the production of probe from the sense strand, or an RNA probe that is too long to penetrate the embryo. If cDNA is inserted in reversed orientation, the appropriate RNA polymerase can be Stained embryos were mounted in 70% glycerol in PBS on a microscope slide without a coverslip to record production images (a,b) and screen for genes with patterned expression in the embryo. Production images were captured using a dissection microscope (Leica Wild M10) and a ProGres 3012 digital camera. Shown are images for embryos hybridized with probes for snail (a) and odd skipped (odd) (b). Higher-resolution images for both embryos and imaginal discs were taken using a Spot RT digital camera mounted on a Zeiss Axiophot microscope with DIC optics, using a Â20 objective. Embryos in 70% glycerol were mounted on slides under a 22 Â 40 mm coverslip with 18-mm coverslip spacers. Imaginal discs were mounted in 70% glycerol under a 22-mm coverslip without spacers. Stage 5 (c) and stage 9 (d) embryos hybridized with a probe for odd and a leg disc (e) and an eye-antennal disc (f) stained with a probe for the forkhead domain gene, fd96Cb. 
